In the northern Fennoscandian Shield, a vanadium mineralization occurs in the Paleoproterozoic Pechenga-Imandra-Varzuga (PIV) riftogenic structure. It is localized in sulfide ores hosted by sheared basic and ultrabasic metavolcanics in the Pyrrhotite Ravine and Bragino areas and was formed at the latest stages of the Lapland-Kola orogeny 1.90-1.86 Ga ago. An additional formation of vanadium minerals derived from contact metamorphism and metasomatism produced by the Devonian Khibiny alkaline massif in the Pyrrhotite Ravine area. Vanadium forms its own rare minerals (karelianite, coulsonite, kyzylkumite, goldmanite, mukhinite, etc.), as well as it can be an isomorphic admixture in rutile, ilmenite, crichtonite group, micas, chlorites, etc. Vanadium originated from two sources: (1) basic and ultrabasic volcanics initially enriched in vanadium and (2) metasomatizing fluids that circulated along shear zones. The crystallization of vanadium and vanadium-bearing minerals was accompanied by chromium and scandium mineralization. Vanadium mineralization in Paleoproterozoic formations throughout the world is briefly considered. The simultaneous development of vanadium, chromium and scandium mineralizations is a unique feature of the Kola sulfide ores. In other regions sulfide ores contain only two of these three mineralizations produced by one ore-forming process.
Introduction
Vanadium is a fairly widespread element. It is present in all major types of rocks of the earth's crust, in meteorites, spectra of stars and the Sun. The vanadium content in the earth's crust is estimated at 1.6 × 10 -2 mass % and in oceans 3.0 × 10 -7 mass % [1] . Vanadium in the earth's crust can create compounds or be present in them in the form of V 3+ , V 4+ and V 5+ .
Vanadium and vanadium-bearing minerals are formed in different genetic settings. In minerals of magmatic rocks vanadium is found mainly in the trivalent form as an isomorphic admixture. Typical Fe-Ti-V ores are related to mafic-ultramafic rocks (for example, the Kolvitsa massif in the Kola region [2] , the Bushveld layered intrusion in South Africa [3, 4] , and the Pan-Xi intrusion in China [5, 6] ). In these ores, vanadium is present predominantly in oxide minerals as an isomorphic admixture. In the Buena Vista Hills Fe-V deposit in Nevada (USA) submicroscopic exsolution lamellae of coulsonite were revealed in magnetite [7] . Rare vanadium minerals were discovered in rocks initially enriched with vanadium and metamorphosed up to amphibolite facies. For example, tanzanite, a blue vanadium-bearing variety of zoisite, is an extremely rare mineral and occurs in the only in the world deposit of tanzanite in Tanzania [8] . Natalyite [9] , magnesiocoulsonite [10] , oxyvanite [11] were found among other vanadium minerals in the Sludyanka complex in the Southern Baikal area (Russia).
A wide variety of vanadium minerals has been established in metamorphosed massive sulfide ores, described so far only in supracrustal units of several Paleoproterozoic riftogenic structures of the ancient shields of the world. Vanadium mineralization in sulfide ores was reported in the Kola region in Russia [12] [13] [14] , the Outokumpu and Vihanti deposits in Finland [15, 16] , the Sätra deposit in Sweden [17] , and the Rampura Agucha deposit in India [18] . The Outokumpu and Sätra deposits are the type localities for karelianite and vuorelainenite, respectively [15, 17] . All these massive sulfide ore deposits and occurrences were formed c. 1.9 Ga ago and were metamorphosed up to amphibolite or even granulite facies. This work gives a comprehensive description of the vanadium mineralization in the Paleoproterozoic Pechenga-Imandra-Varzuga (PIV) riftogenic structure in the northern Fennoscandian Shield and represents the first attempt of a brief comparative analysis vanadium mineralization in the Paleoproterozoic supracrustal units of the ancient shields of the world.
Geological setting
The Polmak-Pasvik-Pechenga-Imandra-Varzuga riftogenic belt (further Pechenga-Varzuga) is a detailed geological record of the Paleoproterozoic in the Fennoscandian shield [19] [20] [21] [22] [23] . This belt includes an almost complete Paleoproterozoic stratigraphy and all major types of plutonic rocks in northern Fennoscandia. Its largest and well studied Pechenga and Imandra-Varzuga structures are located in the Kola region ( Figure 1 ) and are described in detail in [21] . 
Imandra-Varzuga structure
This structure consists of the wide northeastern and narrow southwestern structural zones [21, 26] (Figure 1 ). The former extends along the entire Imandra-Varzuga structure, whereas the latter is exposed only in its central and western parts. The nowtheastern zone is appoximately a SWdipping monocline. In the southwestern zone rocks dip steeply to the southwest and northeast and are locally intensely tectonized and folded. Rocks are thrust over Archean basement gneisses in the western portion of the structure and are tectonically overlain by these gneisses in its central portion. Both the zones were metamorphosed under conditions of greenschist to amphibolite facies [27] . The Imandra-Varzuga stratigraphy consists of three groups (from bottom to top): Strelna, Varzuga, and Tominga [21, 26] . The Strelna and Varzuga groups are dominated by basic metavolcanics (hereafter "meta" is omitted) and occur only in the northeastern zone. The Strelna Group was more likely deposited from 2.53 Ga to 2.41 Ga or even to 2.36 Ga [22] . The deposition of the Varzuga Group took place appoximately during the Lomagundi-Jatuli 13 С excursion that occurred 2.28-2.05 Ga ago [21] .
The Tominga Group is present only in the southwestern zone ( Figure 2 ). Apart from basic volcanics, it contains intermediate and felsic volcanic rocks. All these volcanics are alternated with sediments including graphite-bearing "black" schists. Five lithic units are established which may correspond to formations [26] but an accepted stratigraphy is lacking. The depositional environment of the Tominga Group differed considerably from that of the Strelna and Varzuga groups [26] . The Tominga supracrustal section appears to be tectonostratigraphical [21] . A Sm-Nd model age of a rhyodacite is 2.02 Ga [25] , which suggests its origination from a middle Paleoproterozoic juvenile source. Sediments of the lower part of the Tominga Group are intruded by 1.94 Ga old granites and subvolcanic trachidacites of the upper part are dated at 1.91 Ga 28] . Felsic volcanics have an imprecise Rr-Sr isochron age of 1.87 ± 0.07 Ga [29] .
Pechenga structure
The stratigraphy and architecture of the Pechenga structure is principally close to that of the Imandta-Varzuga structure but a counterpart of the Strelna Group which is lowermost is lacking in Pechenga. The Pechenga structure also consists of two zones, the wide Northern zone and the narrow Southern zone [21, 30] .
In the Northen zone rocks are folded into an open syncline ( Figure 1 ) whose hinge line plunges at intermediate angle southwestwards in surface and gentler at depth. These were metamorphosed under lower greenschist/intermediate amphibolite facies conditions [27] . The stratigraphy of this zone is well studied on the surface and is supported by data on the Kola supedeep borehole [23, 31] . It consists of rocks of the Pechenga [32] or North Pechenga Group [21] and is well consistent with that of the Varzuga Group [32] . This congruence is supported by isotopic ages and data on stable isotopes of carbon (Lomagundi-Jatuli event [21, [33] [34] [35] ). A badly constrained Rb-Sr isochron age of 2.32 Ga was obtained for basic volcanics of the basal part of the the North Pechenga Group [30, 36] . The deposition of basic volcanics and felsic tuffs of the uppermost part of this group and related intrusive rocks happened c. 1.98-1.99 Ga ago [21, 33] .
In the Southern zone rocks occur steeply or vertically. Reverse faults and thrusts limit this zone and dip deeply southwards and gentler at depth [22, 30] . The southwestern margin of the Southern zone is folded due to thrusting on it of the Kaskeljavr diorite and Shuoni sodic granite massifs ( Figure  3 ). The South Pechenga rocks were metamorphosed under upper greenschist/intermediate amphibolite facies conditions [27] . These are often cataclized, mylonitized and metasomatically changed [37] . A conventional stratigraphy of the Southern zone is lacking. According to [21, 30] , the stratigaphical section consists (from bottom to top) of the Kallojaur, Bragino, Mennel, Kaplya, and Kassesjoki formations of the South Pechenga Group [21, 32] or the Ansemjoki and Porojärvi Groups [30] . A characteristic feature of the South Pechenga Group are rhythmically layered graphite-bearing "black" schists and a large amount of intermediate and felsic volcanics. There are imprecise Rb-Sr isochron whole-rock ages of 1.87 ± 0.06 Ga and 1.86 ± 0.05 Ga [36] and an imprecise Sm-Nd age of 1.89 ± 0.04 Ga [38] . It is possible that the Kaskeljavr diorites and the Shouni sodic granites dated at 1.94-1.95 Ga [39, 40] are related to the South Pechenga intemediate and felsic voclanics (see a review in [21] ). If it is the case, the South Pechenfa Group is a counterpart of the Tominga Group.
Tectonic evolution
This study is based on a plate-tectonic model [25] that has been modified and consists of rifting, resulted from lithospheric thinning above a mantle plume head, oceanic separation, subduction, collision and post-orogenic relaxation. These processes all led in the development of the Paleoproterozoic Lapland-Kola orogen, a Himalayan-scale, high-pressure, collisional belt traceable across the Atlantic [41, 42] . Rifting was occurring approximately from 2.53 Ga to 2.0 Ga (see reviews in [21, 22] ). A continental break-up took place southwest of the Pechenga-Imandra-Varzuga suture (PIV in Figure 1 ) and the opening of the Lapland-Kola Red Sea type ocean happened c. 2.05 Ga [25] or c. 1.99 Ga ago [20] . These dates constrain a change of tectonic setting from a continental rifting to a passive continental margin [33] . The formation of subduction-related supracrustals (the Tominga and South Pechenga groups) and plutonic rocks was occurring from 1.97 Ga to 1.91 Ga [25, 28, 39, 40, 42] , with the subduction having been terminated later in Finnish Lapland. The oceanic crust was completely subducted, which explains why basalts that are free of continental admixture are lacking in the upper part of the North Pechenga Group [33] . In the Kola region the subduction occurred 1.93-1.91 Ga ago [25] and in Finnish lapland 1.90-1.88 Ga ago [42] . Within the orogenic core and the footwall of the Lapland-Kola orogen (Belomorian Province), the collision resulted in a regional set of shear zones which strongly affected margins of all tectonic units [24, 25] . It is this shearing that resulted in a strong tectonic, metamorphic and metasomatic reworking of the Tominga and South Pechenga groups.
Methods
The study of ore minerals in reflected light was conducted in optical microscope Axioplane. Chemical analyses of minerals were carried out by means of a Cameca MS-46 electron probe microanalyzer. Element distribution, morphology and intraphase heterogeneity also was determined using a LEO-1450 Scanning Electron Microscope (SEM) equipped with a Bruker XFlash-5010 Nano GmbH energy dispersive spectrometer (EDS) and a SEM Hitachi S-3400N equipped with a EDS Oxford X-Max 20. X-Ray powder diffraction patterns were obtained on an URS 55b diffractometer. Raman spectra of minerals were measured by using an Almega XR ThermoScientific spectrometer equipped with a confocal microscope Olympus ВХ51 with a 100х objective (532 nm) and a Horiba Jobin Ivon LABRam HR800 spectrometer equipped with a confocal microscope Olympus ВХ41 with a 50х objective (488, 514 nm). An EBSD analysis was conducted on a SEM Hitachi S-3400N equipped with a detector Oxford HKL Nordlys Nano.
Vanadium mineralization in the Kola Region
Basic volcanics of the Tominga and South Pechenga groups host massive sulfide ores. The Pyrrhotite Ravine deposit and the Basic, Central, Lovchorrjok and Takhtar occurrences of these ores are situated in the Imandra-Varzuga structure and the Bragino occurrence in the Pechenga structure (Figures 2, 3 ). There are four textural types of sulfide ores: massive, banded, interspersed, and breccialike. All ore types bear a vanadium mineralization [12, 14] . The sulfide ores in both study areas were metamorphosed under epidote-amphibolite up to amphibolite facies during the Paleoproterozoic Lapland-Kola collisional orogeny. Their common feature is the high concentration of pyrrhotite in all studied ores (up to 95%). Another common feature is that all ores contain almost no galena.
Vanadium minerals always have an isomorphic admixture of chromium. The Cr content is markedly higher in oxide minerals than in silicates which often contain no chromium. The Cr content in vanadium minerals of the Bragino ores that are hosted by the ultrabasic volcanics is much higher than in vanadium minerals of Pyrrhotite Ravine ores hosted by basic volcanics.
Pyrrhotite Ravine sulfide ore deposit
In the Imandra-Varzuga structure the vanadium mineralization was studied in the Pyrrhotite Ravine sulfide ore deposit ( Figure 2 ). This deposit is situated in hornfels after basalts and picritobasalts of the Tominga Group. The hornfels were formed by the contact metamorphism resulted from the Khibiny alkaline massif [43] , and this metamorphism affected sulfide ores. These volcanics were originally metamorphosed under biotite-chlorite-actinolite subfacies of greenschist facies [26] . Compared to other basic volcanics of the western Imandra-Varzuga structure they are characterized by elevated concentrations of V and Ti [44] . Abnormally high V contents were established in the Tominga graphite-bearing "black" schists" but the origin of this abnormally and V containers have remained unclear [45] .
The main ore mineral is pyrrhotite. Sphalerite, chalcopyrite, pyrite and molybdenite are the most common sulfides. The most typical accessory minerals are titanite, rutile, ilmenite, etc. Rare and single findings of argentopentlandite, breithauptite, pentlandite, brannerite, complex oxides of U-Pb composition, etc. are described. A noble metal mineralization is represented by gold, silver and their tellurides [13] .
The vanadium mineralization in the Pyrrhotite Ravine sulfide ores are represented by four vanadium minerals (karelianite, coulsonite, goldmanite and mukhinite) and a large number of vanadium-bearing minerals (rutile, ilmenite, crichtonite group, micas, chlorites and etc.) ( Table 1) . Karelianite and coulsonite are usually found as relicts and highly corroded crystals surrounded by overgrowths of mukhinite, goldmanite and a mineral phase conditionally named "vanadomukhinite" (Figure 4 , a-b). "Vanadomukhinite" is a potentially new mineral of the epidote group which contains up to 22 mass % of V2O3 versus 10-12 mass % of V2O3 in mukhinite [13] . According to [13] , a vanadium mineralization in the Pyrrhotite Ravine deposit was formed in two stages: (1) primary oxide (karelianite, coulsonite) formation as a result of a vanadium redistribution during a regional metamorphism of V-rich protoliths of basic volcanics and (2) the formation of calcium-vanadium silicates in skarns originated from a contact metamorphism of ores produced by the giant Devonian Khibiny alkaline intrusion and a calcium introduction.
In the Pyrrhotite Ravine deposit the vanadium mineralization was formed in two stages [13] . At the first stage primary oxides (karelianite, coulsonite) were crystallized as a result of vanadium redistribution during a regional metamorphism of V-rich protoliths of basic volcanics. At the second stage calcium-vanadium silicates were developed in skarns originated from a contact metamorphism of sulfide ores and a calcium introduction into them due to an influence of the giant Devonian Khibiny alkaline intrusion.
Bragino sulfide ore occurrence
The Bragino sulfide ore occurrence is located in picrobasalts of the Mennel Formation occurring among rocks of the Bragino Formation (Figure 3 ). Apart from basic volcanics, the Bragino Formation contains graphite-bearing tuffogenic sandstones and alevrolites with subordinate sulfidegraphite-bearing schists. The rocks expierenced intensive metamorphic and deformational reworking and their greater part was changed in blastomylonites, mylonites and cataclasites in shear zones developed during the Lapland-Kola collision. The Mennel basic volcanics are depleted by K, Sr, Rb, Ta, Zr, Hf, Ti, LREE, and HREE, are enriched by Ba, Th, Nb and belong to low-alkali and FeMg-enriched rocks of the N-MORB-type [47] .
In Bragino, similar to the Pyrrhotite Ravine, the main sulfide is pyrrhotite which can build up to 95% of ores. A massive coarse-grained pyrite ore in which pyrite forms euhedral crystals was found in pyrrhotite ores. Sphalerite, chalcopyrite and marcasite are established among the most common sulfides. Molybdenite, arsenopyrite, cobaltite, gold, and tellurides of Au, Ag, Bi, and Pd are also revealed. Non metallic minerals include quartz, albite, siderite, calcite, apatite, monazite, xenotime, micas, and chlorites [12] . The V2O5 content is less than 0.025 mass % in the sulfide ores.
The vanadium mineralisation is represented by oxides and silicates (Table 1 ). All vanadium oxides may be divided into Fe-V and Ti-V groups. Among the Fe-V oxides coulsonite and nolanite are revealed. Coulsonite was found in all types of the sulfide ores and is the most common vanadium mineral. It is characterized by a changeable composition due to the isomorphic substitution between V 3+ , Cr 3+ and Fe 3+ . Chromite relicts were established in some crystalls of coulsonite [12] . Coulsonite crystalls have variable size and morphology and the largest octahedral crystals are 300-500 µm across ( The Ti-V oxides are represented by extremely rare minerals kyzylkumite, tivanite and byrudite. Kyzylkumite, like nolanite, was discovered exclusively in massive pyrite ores in which it forms individual crystals in pyrite, intergrows with V-W-bearing rutile ( Figure 5 , е) and is associated with Sc-V-bearing crichtonite group minerals (up to 23 mass % of V2O3 and 3 mass % of Sc2O3). Tivanite and byrudite were established in relics of quartz-albite veins (see below). These minerals usually occur together and form thin exolution lamellae in V-W-rutile. Byrudite sometimes forms individual crystals in association with other vanadium and vanadium-bearing minerals ( Figure 5, f) . Tivanite and anorther mineral, tentatively classified as byrudite, were determined from the present of TiO2 and V2O3 as the main components in their chemical compositions and from crystal lattices obtained by an X-ray spectral analysis and an EBSD methods, respectively. However, the byrudite chemical composition is significantly different from that of byrudite from the Byrud mine in Norway [48] and needs undertaking further study.
Intergrowths of vanadium-bearing allanite subgroup minerals (up to 12 mass % of V2O3) were found in association with thortvetite, V-bearing muscovite and monazite. According to their chemical composition, these minerals may be neodymium and cerium analogs of vanadoallanite-(La), and are conditionally named "vanadoallanite-(Nd)" and "vanadoallanite-(Ce)". In addition, a V-Al silicate was discovered which forms both single grains and rims around roscoelite. Its chemical composition has no analog among vanadium-bearing and vanadium minerals, and its Raman spectrum is close to that of the chlorite group. We think that it may be a new vanadium-bearing chlorite phase, conditionally named "braginoite". This and the allanite subgroup minerals also need undertaking further study.
As an isomorphic admixture, vanadium is detected in ilmenite and rutile (up to 3 mass % and 11 mass % of V2O3, respectively), the mica group (roscoelite, muscovite with 3 mass % of V2O3, and phlogopite with 5 mass % of V2O3), the chlorite group (up to 12 mass % of V2O3 in chamosite and up to 3 mass % of V2O3 in clinochlore), and titanite (up to 5 mass % of VO2).
The Bragino pyrite and pyrrhotite ores contain numerous elongated relics of quartz-albite veins dimensions of which vary from 1×2 to 10×50 mm ( Figure 6, а-c) . The relics have zigzag-like contacts and their tiny fragments are observed in the sulfide ores along these contacts. It suggests their dissolution and replacement during the ore formation. The relics are often situated close to each other, their orientation is irregular but some of them form chains and appear to have belonged to one vein net. The relics have a zonal and banded structure. Their axial band is composed of albite and two marginal bands are built up by quartz (Figure 6, d) . The albite axial band hosts a Cr-Sc-V-bearing mineralization (Figs. 6, e, f) which is represented by Fe-V oxides (coulsonite and its high-Ti variety, containing up to 18 mass % of TiO2, and nolanite), Ti-V oxides (tivanite, byrudite), as well roscoelite, V-bearing muscovite, V-bearing rutile and Sc-V-bearing crichtonite group minerals. It is notably that the scandium mineral thortveite which contains up to 4 mass percent V2O5 occurs in the albite axial bands (Figure 6, f) . The Cr-Sc-V-bearing mineralization suggests that scandium and vanadium were brought by hydrothermal fluids. 
Vanadium mineralization not related to sulfide ores
In addition to massive sulfide ores, vanadium and vanadium-bearing minerals are also found in rocks not related to sulfide ores but, somehow connected with supracrustal units of the western part of the Imandra-Varzuga structure. A large xenolith of volcanogenic rocks in the foyaites of the Devonian Khibiny alkaline massif exposed on the Mt. Kaskasnyunchorr contains vuorelainenite, a member of the spinel group, which is associated with a V-bearing crichtonite and karelianite and often forms thin rims around the inclusions of rutile in pyrrhotite [49, 50] . Vuorelainenite and karelianite are characterized by the high Cr2O3 content (up to 29 and 12 mass %, respectively). A small admixture of vanadium (less than 1 mass % of V2O3) is established in ilmenite and hematite. The V content in the crichtonite group minerals reaches 13.80 mass % of V2O3, but it usually is less than 1 mass %. Scandium in the minerals of this group is not established [51] .
Minerals of the natalyite-aegirine series and vanadates of rare-earth elements are found in alkaline metasomatites, similar in their mineral composition to fenites, on the contact of basic volcanics with dolomites in the Dolomite Quarry which is located in the south from the Pyrrhotite Ravine deposit [52] (Figure 2) . As an admixture vanadium is also detected in magnesioriebeckite (up to 1.3 mass % of V2O3). The V2O5 content in one analyzed sample of metasomatites is 0.41%.
Vanadium mineralization throughout the world

Vihanti, Finland
The Lampinsaari ore complex is located in intensely metamorphosed Paleoproterozoic mica gneisses with amphibolite intercalations in the Vihanti-Pyhäsalmi Zn-ore belt in the Svecofennides which adjoin the Archean Karelian Province [53] . The complex consists predominantly of acid metavolcanics, dolomites, skarns, and cordierite gneisses which host ore bodies. The general structure of the Lampinsaari ore complex was formed by an overthrust. Phosphorite bands and a phosphatic metatuff contain uraninite and uranium-bearing apatite, respectively. A "lead model age" from galena is 1.94 Ga, а Pb-Pb isochron age for quartz porphyry is 1.92 Ga, syntectonic plutons is 1.90 and 1.89 Ga (U-Pb, zircon) [53] . In supracrustal rocks of the Vihanti zinc ore deposit the V content usually does not exceed 0.03 mass % of V2O5. The highest amount of vanadium was determined in a graphite tuff (black schist) where the V2O5 concentration reaches 0.17 mass % [54] . Ore minerals are sphalerite (zinc) and pyrite-pyrrhotite (massive sulfide) [53] . A vanadium mineralization is located in the massive sulfides and is represented by simple oxides (karelianite and shcherbinaite), Fe-V oxides (coulsonite and nolanite), and Ti-V oxides (screyerite, kyzylkumite, berdesinskiite, and tivanite) ( Table 1) [16] . A chromium admixture is characteristic of these minerals. There is no data about vanadium or vanadium-bearing silicates in Vihanti.
Outokumpu, Finland
Ore bodies of the Outokumpu deposit are located in supracrustal rocks which include black schists, quartzites, dolomites, and chrome-bearing skarns, as well as in serpentinites that are connected with the c. 1.95 Ga Outokumpu ophiolite complex [58, 59] . The V2O5 content in micaceous schists is 0.03 mass %, in argillaceous black schists 0.11 mass %, in siliceous schists 0.02 mass % and in serpentinites 0.01 mass % [58] . The Outokumpu ore bodies occur in sheared quartzites near their contacts with serpentinites and are broken down by faults into several blocks. The main ore minerals are pyrrhotite (23.2%), pyrite (21%), chalcopyrite (11%), and sphalerite (1.7%) [58] . Cobaltpentlandite, cubanite, mackinawite, magnetite, and stannite are also established [58] . Vanadium minerals are represented by karelianite which was described here in the first time in the world, vourelainenite, and nolanite [15] . The skarns usually contain chromium and bear rare chromium minerals such as eskolaite, uvarovite, chrome diopside, chrome tremolite, and some others [58, 60] .
Sätra, Sweden
Pyrite-pyrrhotite ores of the Sätra deposit are located in the Doverstorp ore field which is typical of the Ammeberg-Tunaberg metallogenic belt in the southern Paleoproterozoic Bergslagen Province [17, 61] . The supracrustal section in the Bergslagen Province consists of mainly 1.90-1. 89 Ga felsic volcanics with subordinate sediments, including marble and basic volcanics that were accumulated in an island-arc environment and then were deformed and metamorphosed under conditions of predominantly upper greenschist to upper amphibolite facies [62] . The main mineral is pyrrhotite, in a smaller amount pyrite, chalcopyrite, and sphalerite are present. Accessory minerals are represented by galena, alabandite, gudmundite, freibergite, pyrophanite, rutile, spessartite, and some others. In the Sätra pyrite-pyrrhotite ores vourelainenite (up to 31 mass % of 
Note. Bgj, Biggejavri [57] ; Br, Bragino (this study); Ctl, Catalonia [55] ; DC, Deadhorse Creek [56] ; Otk, Outokumpu [15] ; PR, Pyrrhotite Ravine [13, 14, this study]; RA, Rampura Agucha [18] ; Sät, Sätra [17] ; Vih, Vihanty [16] ; dash, no data; quotes indicate minerals that have no exact analogs among known minerals and their names are conditional.
Cr2O3) and schreyerite also were described, with the former having been discovered in the first time in the world [17] . Vanadium as an isomorphic admixture was found in rutile (up to 1.7 mass % of V2O3) and manganochromite (up to 33 mass % of V2O3) [17] .
Rampura Agucha, India
The Rampura Agucha Zn-Pb-(Ag) stratiform deposit is located in supracrustal rocks of the Bhilwara belt at a contact with an Archean gneiss complex [18, 63] . The Bhilwara belt is a thick pile of mainly metasedimentary rocks deposited during an intracratonic rifting of an Archean basement c. 2.0 Ga ago. A Pb model age of the Rampura Agucha deposit is 1.8 ± 0.04 Ga [64] . The deposit is located in sillimanite-and graphite-bearing mica schists, garnet-biotite-sillimanite gneisses, and amphibolites. A V mineralization predominantly occurs in graphite-sillimanite-mica schists which are enriched by vanadium and nickel [65] . The main vanadium minerals are karelianite, coulsonite, and schreyerite. Vanadium-bearing minerals are represented by eskolaite, chromite, and rutile. Like their host rocks, the Rampura Agucha ores were metamorphosed under upper amphibolite-facies conditions [65, 66] . The source of vanadium and chromium may be an organic matter in black shales. Vanadium and chromium were released due to metamorphism and formed their oxides [18] .
Biggejavri, Norway
The Biggejavri U-Sc-REE occurrence is located in the Paleoproterozoic Kautokeino volcanosedimentary belt in Finnmark [57] . The supracrustal succession of this belt is dominated by basic volcanics and includes sandstones, and quartzites deposited in a rift basin. Supracrustals were highly deformed under upper greenschist/amphibolites-facies conditions during the Svecofennian orogeny 1.9-1.7 Ga ago. Specific features of deformation are numerous shear zones, including thrust-related, with the Bidjovagge gold mineralization being controlled by a shear zone [67] . Uranium, scandium and rare-earth-bearing mineralization is situated in albite felsites in the lower units of the belt. The origin of the albite felsites is currently under study. The albite felsites are slightly radioactive, medium-to fine-grained and consist of more than 90% albite. These rocks also contain calcite, quartz, muscovite, chromite, rutile and Cr-Sc-V-bearing crichtonite group minerals (1-8 mass % of V2O3, 7-12 mass % of Cr2O3, 0.2-0.6 mass % of Sc2O3). Accessories are represented by monazite, thortveitite, brannerite, Cr-rich chlorite and others. The maximum V content in the albite felsites is 1100 ppm (the average 909 ppm) whereas the maximum Sc content is 136 ppm [57] .
Deadhorse Creek, Canada
The Proterozoic Deadhorse Creek volcanoclastic breccia complex is located in Archean metasedimentary and metavolcanic rocks of the Schreiber-White River greenstone belt adjacent to the 1.11 Ga Coldwell alkaline complex [56] . This complex contains a metasomatically-altered breccia, a U-Be-Zr-rich mineralized zone, and a Zr-Y-Th-rich carbonate vein. A U-Pb zircon age of the U-Be mineralization is 1129 ± 6 Ma. The main minerals of the mineralized zone are represented by albite, potassium feldspar, quartz, calcite, and phenakite. Accessories include minerals of the aegirinejervisite and aegirine-natalyite series, allanite, Ca-Mn silicates, Nb-V-bearing rutile [68] , pyrite, thorite, thortveitite, xenotime, Sc-Nb-V-bearing crichtonite group minerals, and others [56] . The formation of this unusual mineralization occurred under the influence of CO2-bearing and Cr-Nb-VTi-enriched alkaline fluids whose source remains enigmatic [56] .
Discussion
Structural position and age of the sulfide ores in Pechenga-Varzuga
Sulfide ores of the Pyrrhotite Ravine deposit and the Bragino occurrence are situated at a distance of 200 km from each other in the Pechenga and Imandra-Varzuga structures, parts of the Paleoproterozoic Pechenga-Imandra-Varzuga riftogenic belt (Figs. 1-3 ). Both the study areas are located in basalts that were sheared and metasomatically changed under condition of low-grade metamorphism. The basalts belong to the uppermost parts of the stratigraphical section of these two structures deposited in an island-are environment 1.90-1.96 Ga ago. The basalts were deformed and sheared during the c. 1.9 Ga Lapland-Kola collisional orogeny resulted in a regional set of shear zones [24, 25] . Shear zones are good conduits for metasomatizing fluids and can control the localization of ore mineralization [67, 68] . Two stages of collision were distinguished: frontal and transpressional collisions occurred at the first and second stages, respectively [25] . These stages are separated by the intrusion of a 1916 ± 10 Ma quartz diorite in island-arc-related supracrustal rocks [71] occurring in the Tersk Terrane south of the Imandra-Varzuga structure (Figure 1 ).
Vanadium and vanadium-bearing minerals are characteristic of gold deposits located in Archean greenstone throughout the world and these deposits are often related to late collisional shear zones, the so-called orogenic gold [69, [72] [73] [74] [75] . In the Tersk Terrane transpressional shear zones contain sulfide ore occurrences some of which are gold-bearing and were formed during the latest events of the transpressional stage [71, 76] . The massive appearance of the sulfide ores suggests that their recrystallization took place during terminational events of the transpressional stage. The formation of the sulfide ores seems to have been ended by 1.86-1.87 Ga when Rb-Sr isotope systems were closed in rocks of the Bragino and Kaplya formations in the South Pechenga structural zone [36] and by 1.88-1.90 Ga, the time of closure of the Ar-Ar isotope system in hornblende in the Tersk terrane [77] . Therefore, the metamorphic recrystallization of the sulfide ores occurred in the Pyrrhotite Ravine and Bragino areas 1.86-1.90 Ga ago. This time-interval is consistent with the main period (1.92-1.87 Ga) of formation of a syn-and post-orogenic gold and sulfide (mainly pyrrhotite) mineralization related to shear zones in the Central Lapland Greenstone Belt in northern Finland [78] .
Comparative analysis of vanadium mineralization in Kola and other regions
Comparison of the mineral compositions of the Pyrrhotite Ravine and Bragino sulfide ores demonstrates that these are principally similar. The only difference is that the Pyrrhotite ravine deposit contains calcium silicates (goldmanite, mukhinite, and others, Table 1 ) which are spatially and genetically related to oxides and are lacking in the Bragino sulfide ores. This difference reflects, however, a contact metamorphism and metasomatism (a calcium input) that were produced by the giant Devonian Khibiny alkaline intrusion ( Figure 2 ) and resulted in the formation of skarns. A similar in some extent example is reported from Silurian Sedex deposits in Spain [55] . In these deposits V-and Cr-rich mineral associations are the result of low-grade regional and subsequent medium-and high-grade contact metamorphism of pelitic rocks. Both of these metamorphic events were, however, isochemical. The protoliths contained abundant organic matter and were originally enriched in V and Cr.
Another principal similarity of the Pyrrhotite Ravine and Bragino sulfide ores is the scandium mineralization which associates with the vanadium minerals and is lacking in sulfide ores in other regions of the world (Table 1) . It suggests that the metamorphic recrystallization of the Pyrrhotite Ravine and Bragino sulfide ores and the simultaneous development of the vanadium and scandium mineralization were produced a mineral-forming process in the same environment. The identity of structural and tectonic positions of the Pyrrhotite Ravine and Bragino sulfide ores favors this suggestion.
A vanadium mineralization similar to that in the Pyrrhotite Ravine and Bragino sulfide ores is described in the Vihanti and Outokumpu deposits in Finland [53, 60] , the Sätra deposit in Sweden [61] and the Rampura Agucha deposit in India [18] . These deposits are also located in Paleoproterozoic sequences and were metamorphosed at low-grade and medium-grade conditions during Paleoproterozoic orogenies. Sulfide ores of the Lemarchant deposit in Canada [79] and the Waterloo deposit in Australia [80] bear vanadium sulfides sylvanite Cu3VS4 and colusite Cu12VAs3S16 which have not been found in the Pyrrhotite Ravine and Bragino sulfide ores. In contrast to the Kola sulfide ores, the Lemarchant sulfide ores preserved an early exhalative/epithermal-type mineralization formed at temperature of 150-250 °C, whereas the Waterloo sulfide ores are located in rocks metamorphosed predominantly under lower greenschist-facies conditions.
A vanadium mineralization that is not linked with the formation of sulfide ores is reported from the Biggejavri deposit in Norway [57] and the Deadhorse Creek deposit in Canada [56] . The former is located in a Paleoproterozoic rift-related supracrustal succession and was metamorphosed at medium-grade metamorphic conditions during the Svecofennian orogeny. The V mineralization in the Deadhorse Creek deposit, however, is situated in an Archean greenstone belt and has a Mesoproterozoic age. This is thought to have resulted from an interaction between earlier mineral assemblage that was developed at the invasion of "granitic" magmatic melts/fluids in a fault and later Nb-Ti-V-Cr-bearing alkaline fluids introduced into the same fault.
So, the vanadium mineralization in sulfide ores in which major minerals are vanadium oxides is linked with metamorphic recrystallization of primary sulfide ores at upper greenschistfacies/upper amphibolite-facies conditions. The vanadium mineralization was accompanied by chromium and scandium mineralizations. The simultaneous development of these three mineralizations is a unique feature of sulfide ores only in the Kola region. Scandium is thought to have been brought by metasomatizing fluids which introduced vanadium into shear zones. The scandium mineralization that is not related to sulfide ores is reported from the Biggejavri deposit in Norway [57] and the Dead Horse deposit in Canada [56] .
Source of vanadium
Supracrustal rocks which host almost all the listed sulfide ore deposits and occurrences contain carbon-bearing black schists. Sedimentary protoliths of these rocks are accumulated in marine basins, and their formation is associated with underwater volcanic eruptions and biological activity during the Earth evolution since the Archean [81, 82] . Seawater extracts vanadium from basalt and then organic matter absorbs vanadium [83, 84] . Thus, the source of vanadium and some other elements in the sediments can be sea water and an organic suspension in it, which precipitates together with sulfides and is captured by them [85] . A source of vanadium in sea water also is detritus of weathered continental rocks. Diagenesis, catagenesis and metamorphism result in the change of the organic form of vanadium into the mineral form, as well as in the removal of water from sediments and possible vanadium transportation by these fluids. Organic matter in schists is considered as a source of vanadium in the Rampura Agucha deposit [18] and the Sedex deposits [55] .
A source of chromium which accompanies to vanadium in all the listed deposits could be chromite often found in massive sulfide ores which are connected with mafic-ultramafic complexes similar to, for example, complexes in the Ural in Russia [86] . A primary enrichment of sediments in chromium associated with vanadium is described in [18, 55] . As to scandium, the Sn2O3 concentration is 0.00004 ppm in seawater, whereas the concentration of scandium originated from weathered igneous rocks should have been much higher, c. 3 ppm [87] . It suggests that scandium seems to be almost completely extracted by sediments from sea water.
Metamorphism of primary pyrite ores formed in oceanic basalts led to the mobilization of ore elements located in sulfides in the dispersed state and to their concentration in ore minerals up to the formation of their own mineral phases [85] [86] [87] [88] [89] . Secondary hydrothermal stages and local metamorphism of sulfide ores resulted in redistribution of base and precious metals, refining of common sulfides, the appearance of submicroscopic and microscopic inclusions of Au -Ag alloys, and segregation of trace elements into new, discrete minerals [88] . It is quite possible that metamorphic recrystallization of sulfides can form vanadium oxides.
The findings of V-Sc-bearing minerals in relics of primary hydrothermal veins in the Bragino sulfide ores suggest that these veins were formed at a hydrothermal event that preceded the metamorphic recrystallization of the sulfide ores. A similar genesis of vanadium minerals is attributed to a metamorphic recrystallization of the Vihanti sulfide ores originally enriched in vanadium [16, 55] . We think that the hydrothermal event in Bragino was more likely related to a hydrothermal alteration of basalts that occurred immediately after their eruption and resulted in extraction from them of vanadium and scandium. In basalts of the Mennel Formation, however, the contents of vanadium, scandium and chromium are 160-450 ppm, 19-36 ppm and 180-2300 ppm, respectively [47] . So, this vanadium abundance is just slightly higher than that in the Earth crust, 138 ppm [90] , whereas this scandium concentration practically coincides with its average content in the Earth crust varying from 14 to 31 ppm [91] . These data suggest that the rocks hosting the Pyrrhotite Ravine and Bragino sulfide ores can hardly have been the only source of vanadium and scandium.
The Pyrrhotite Ravine and Bragino vanadium-bearing sulfide ores host a scandium mineralization which is not mentioned in other vanadium-bearing sulfide ore deposits described above ( Table 1 ). The Pyrrhotite Ravine sulfide ores contain Nb-V-W-bearing rutile (up to 12, 13 and 4 mass percent of V2O3, WO3 and Nb2O5, respectively) and vanadium-bearing muscovite, and the Bragino sulfide ores bear roscoelite (Table 1) . Taking into account the metamorphic recrystallization of the sulfide ores during terminational events of the Lapland-Kola orogeny 1.86-1. 90 Ga ago and a simultaneous metasomatic reworking of their host we believe that hydrothermal metasomatizing fluids that circulated in shear zones could have been an additional source of vanadium and scandium.
Conclusions
1. Two types of vanadium mineralization which is rare in nature have been discovered in the Kola region. The mineralization includes both vanadium and vanadium-bearing minerals. Both mineralization types are located in supracrustal rocks of the Paleoproterozoic Pechenga-Varzuga riftogenic belt.
2. The first vanadium mineralization type is characteristic of sulfide ores and was studied in the Pyrrhotite Ravine deposit and the Bragino occurrence in the Imandra-Varzuga and Pechenga structures, respectively. These sulfide ores are hosted by island-arc-related basic metavolcanics of the Tominga Group (Imandra-Varzuga) and the South Pechenga Group (Pechenga). The rocks were metamorphosed under upper greenschist/lower amphibolite-facies conditions.
3. The first type of vanadium mineralization is localized in shear zones of the transpressional (late collisional) stage of the Paleoproterozoic Lapland-Kola collisional orogeny and was developed 1.90-1.86 Ga ago. This mineralization originated from a metamorphic recrystallization of sulfide ores that were originally enriched in vanadium and are thought to have formed during hydrothermal alteration of marine basalt. An additional input of vanadium is suggested to have been provided by metasomatizing fluids circulated in the shear zones.
4. A unique feature of the first vanadium mineralization type is that it is accompanied by a chromium and scandium mineralization. Scandium is believed to have been brought simultaneously with vanadium by metasomatizing fluids introduced in Paleoproterozoic shear zones. Scandium mineralization is not mentioned in sulfide ores that bear vanadium mineralization in other regions of the world.
5. The second type of vanadium mineralization is reported from the western part of the ImandraVarzuga structure. It is localized in xenoliths of the Imandra-Varzuga basic metavolcanics in the 365 Ma Khibiny alkaline massif [49, 50] and in similar to fenites alkaline metasomatic rocks at a contact between island-arc-related basic metavolcanics and dolomites of the Tominga Group [51] . The formation of this vanadium mineralization type is related to a contact metamorphism and alkaline metasomatism produced by the giant Khibiny alkaline intrusion.
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